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ABSTRACT
There is increased demand for dairy products world-
wide, which is coupled with the realization that con-
sumers want dairy products that are produced in a sus-
tainable and environmentally benign manner. Forage 
legumes, and white clover (Trifolium repens L.; WC) 
in particular, have the potential to positively influence 
the sustainability of pasture-based ruminant produc-
tion systems. Therefore, there is increased interest in 
the use of forage legumes because they offer opportuni-
ties for sustainable pasture-based production systems. 
A meta-analysis was undertaken to quantify the milk 
production response associated with the introduction of 
WC into perennial ryegrass swards and to investigate 
the optimal WC content of dairy pastures to increase 
milk production. Two separate databases were created. 
In the grass-WC database, papers were selected if they 
compared milk production of lactating dairy cows graz-
ing perennial ryegrass-WC (GC) swards with that of 
cows grazing perennial ryegrass-only swards (GO). In 
the WC-only database, papers were selected if they 
contained milk production from lactating dairy cows 
grazing on GC swards with varying levels of WC con-
tent. Data from both databases were analyzed using 
mixed models (PROC MIXED) in SAS (SAS Institute, 
Cary, NC). Within the grass-WC database, where 
mean sward WC content was 31.6%, mean daily milk 
and milk solids yield per cow were increased by 1.4 
and 0.12 kg, respectively, whereas milk and milk solids 
yield per hectare were unaffected when cows grazed GC 
compared with GO swards. Stocking rate and nitrogen 
fertilizer application were reduced by 0.25 cows/ha and 
81 kg/ha, respectively, on GC swards compared with 
GO swards. These results highlight the potential of GC 
production systems to achieve similar levels of produc-
tion to GO systems but with reduced fertilizer nitrogen 
inputs, which is beneficial from both an economic and 
environmental point of view. In the context of increased 
demand for dairy products, there may be potential to 
increase the productivity of GC systems by increasing 
fertilizer nitrogen use to increase stocking rate and car-
rying capacity while also retaining the benefit of WC 
inclusion on milk production per cow.
Key words: meta-analysis, white clover, dairy cow, 
milk production, grazing
INTRODUCTION
There is increased demand for dairy products 
worldwide, which is coupled with the realization that 
consumers want dairy products that are produced in a 
sustainable and environmentally benign manner (God-
fray et al., 2010). As a consequence, European pasture-
based livestock production systems have changed con-
siderably over the past 2 decades and will continue to 
evolve in response to these societal and environmental 
pressures (Lüscher et al., 2014). Traditionally, white 
clover (Trifolium repens L.; WC) was included in pe-
rennial ryegrass (Lolium perenne L.; PRG) mixtures as 
a means of improving sward nutritive value and reduc-
ing nitrogen (N) fertilizer use. However, cheap N fertil-
izer, which improves pasture production and simplifies 
grazing management, has led to a reduction in the use 
of WC, with declining levels of WC reported in temper-
ate grazing regions such as Western Europe and New 
Zealand. Forage legumes, and WC in particular, can 
make an important contribution to the sustainability of 
pasture-based ruminant production systems (Peyraud 
et al., 2009). Therefore, there is increased interest in the 
use of forage legumes because they offer opportunities 
for sustainable pasture-based production systems by 
(1) increasing pasture yield, (2) substituting inorganic 
N fertilizer inputs with symbiotic N2 fixation, (3) miti-
gating and facilitating adaptation to climate change, 
and (4) increasing the nutritive value of pasture and 
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raising the efficiency of conversion of pasture to animal 
protein (Lüscher et al., 2014; Delaby et al., 2016).
Previous research has reported conflicting evidence 
of the effect of pasture WC content on milk produc-
tion per cow. Harris et al. (1997a) reported that in-
creased pasture WC content results in higher milk 
yields due to a combination of higher pasture intake 
and increased nutritive value of the pasture. Recently, 
Egan et al. (2015b) reported annual milk solids (kg of 
fat + protein; MS) production of 487 kg/cow from a 
PRG-WC (GC) sward in comparison with 454 kg/cow 
on a PRG-only (GO) sward. Other previous research 
has also indicated that including WC in a PRG sward 
can result in an increase in daily milk production per 
cow (Riberio-Filho et al., 2003; Cosgrove et al., 2006). 
However, other experiments report little to no effect of 
GC swards on milk production when compared with 
GO swards (Ledgard et al., 1998; Humphreys et al., 
2009; Enriquez-Hidalgo et al., 2014). The interpreta-
tion of results (e.g., milk yield per cow and per hectare, 
pasture yield) from experiments involving WC must 
take into account the underlying management practices 
associated with WC swards. Stocking rate and N fertil-
izer application rates, 2 of the most important factors 
in determining milk production within pasture-based 
systems (Bryant et al., 1981; Macdonald et al., 2008), 
often differ between experimental treatments with and 
without WC, and this has an effect on the results ob-
tained. Riberio-Filho et al. (2003) concluded that the 
high individual performance of the cows obtained on 
GC swards was, however, offset by a major reduction in 
the stocking rate that results from the reduced pasture 
productivity of GC swards. In accordance with this, 
Ryan (1989) reported that a GC system had a reduc-
tion in carrying capacity in the region of 20 to 25% 
compared with that of a PRG N-based system. Ryan 
(1989) also stated that a GC system produced 84% of 
the milk per hectare obtained from an N-based system.
The effect or lack of effect of WC on milk production 
is possibly attributable to the WC content of the sward. 
Research undertaken by Lee et al. (2004) reported that 
with increasing WC proportions in the diet, milk and 
MS yield increased from 17.6 to 20.4 kg/cow per day 
and 1.32 to 1.52 kg/cow per day, respectively, as the 
proportion of WC increased from 0 to 60%. Harris et al. 
(1997a) reported that 50% sward WC content was the 
most realistic option for optimum milk yield as cows 
grazing such a pasture could be expected to produce 
95% of maximum possible milk yield. However, high 
sward WC contents (i.e., >50%) may have implications 
in terms of animal health because of the increased risk 
of bloat (Clarke and Reid, 1974) and on the environ-
ment because increased N inputs (regardless of the N 
source) lead to increased N leaching in pasture-based 
production systems (Ledgard et al., 2009). Therefore, 
obtaining the optimum sward WC content to increase 
animal performance without compromising animal 
health and the environment is an overriding objective.
Results from a single experiment will not provide a 
definitive understanding of the effect of WC inclusion 
on milk production because the conditions under which 
observations are made in a single experiment are inevi-
tably narrow (Sauvant et al., 2008). A meta-analysis 
approach (Glass, 1976), summarizing the results across 
published studies in a particular area and in combina-
tion with new statistical techniques, allows increased 
precision of analysis of effects across multiple experi-
ments (St-Pierre, 2001; Sauvant et al., 2008; Lean et 
al., 2009). The objective of this study, therefore, was 
to quantify the milk production response associated 
with the introduction of WC into PRG swards from the 
published literature and to find the optimal sward WC 
content of dairy pastures to increase milk production.
MATERIALS AND METHODS
Literature Search, Data Criteria,  
and Database Design
An electronic literature search [Web of Science 
(http:// thomsonreuters .com/ web -of -science/ ) and 
Google Scholar (http:// scholar .google .com/ )] was 
conducted to identify papers for data extraction in 
which the effect of WC inclusion on milk production 
in lactating dairy cows was studied. The search was 
undertaken using the following key words in different 
combinations: white clover, milk production, perennial 
ryegrass, grazing, and dairy cow. More papers were 
identified by reviewing the reference list in the publica-
tions resulting from the search. These papers were also 
used to study the effect of differing sward WC content 
on milk production.
Papers were selected if (1) they compared milk pro-
duction from a GC sward with that from a GO sward, 
(2) lactating dairy cows were under strip or rotational-
grazing management, and (3) they compared at least 
2 WC contents under similar experimental conditions. 
The inherent management associated with GC swards 
(i.e., reduced stocking rate and N fertilizer application 
rates) made it difficult to locate data, so a decision 
was made to compare milk production from GO and 
GC swards under different stocking rate and N fertil-
izer regimens with all other experimental conditions 
the same to have sufficient data. After accounting 
for publications with duplicate data or insufficient 
information provided, a starting database was con-
structed. The database was conceptualized with rows 
representing treatments within an experiment and 
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columns reporting treatment characteristics and least 
squares means of measured variables. All papers were 
organized by author name(s), year of publication, and 
publishing journal. Each comparison of GO versus 
GC within an experiment was allocated an individual 
experimental code or study effect to account for the 
variation between experiments not explained by WC 
content. Experimental characteristics required included 
experimental design, number of cows, experimental 
duration, number of treatments, stocking rate, graz-
ing days per hectare (Gd/ha), lactation length, WC 
content of the sward, milk production, BW results per 
cow and per hectare, and sward nutritive value results. 
In experiments in which a subfactor was studied (e.g., 
at 2 supplementation levels or at 2 postgrazing sward 
heights) or multiple years of data were reported, com-
parisons of milk production from GC and GO swards 
conducted under similar experimental conditions were 
considered as independent studies.
Calculations
Occasionally, measured variables such as solids-cor-
rected milk (SCM) yield per cow or Gd/ha were not 
reported and were subsequently calculated according to 
the following formulas:
 SCM yield/cow = (12.3 × fat yield)   
+ [6.56 × (protein yield + lactose yield)]  
− (0.0752 × milk yield),
 Gd/ha = (no. of cows × grazing experiment length)/
area used during grazing experiment (ha),
Also, within the database, variables were not consis-
tently reported in each experiment. Similar to Mc-
Carthy et al. (2011), milk yield per cow per day was 
reported, and milk yield per hectare was then derived 
according to the formula
 Gd/ha × milk yield/cow per day = milk yield/ha. 
Requirements
For analytical purposes, 2 main subsets of data were 
created. The grass-WC (GWC) database included 
experiments that contained a GO treatment that was 
taken as the base milk production that swards contain-
ing WC could be compared with. Grass WC database 
experiments reflected the milk production effect of 
introducing WC into a GO sward. The GWC database 
contained 15 papers and 35 comparisons of milk pro-
duction from GO and GC swards published between 
1985 and 2015. As the objective of the study was to 
analyze the effect of WC inclusion in a PRG sward, 
within the database, the GO treatment within each ex-
periment was considered the base level of production, 
with the milk production at this WC content (i.e., 0%) 
considered as base milk production. By selecting this 
variable to standardize measurement methods across 
experiments, it allowed the identification of the true 
effect of the inclusion of WC from a range of experi-
ments that included large variations in experimental 
conditions. As all experiments did not contain a GO 
treatment, treatments that had a sward WC content 
below 5% were considered as the GO treatment and 
were considered the base WC content, and the milk 
production at this WC content was considered as the 
base milk production.
The second database, the WC-only (WCO) data-
base, included experiments without a GO treatment, 
with GWC database GC treatments included. The 
aim of this database was to predict the resultant milk 
production effect of varying sward WC content. In the 
WCO database, papers were selected if they contained 
milk production from lactating dairy cows grazing on 
GC swards with varying levels of WC content. The 
WCO database was constructed similarly to the GWC 
database. These WCO database experiments reflect 
the overall effect on milk production as WC content 
increases in the sward. The WCO database contained 
26 papers and 131 data points of milk production from 
GC swards published between 1989 and 2015. A range 
of experimental designs was represented in both data-
bases, including completely randomized designs, Latin 
square designs, randomized block designs, factorial 
designs, and reduced factorial designs. The majority 
of the studies included in the database were from New 
Zealand, Ireland, the United Kingdom, and France.
Statistical Analysis
Individual variables (e.g., milk yield, MS yield) from 
the GWC database were analyzed using linear mixed 
models (PROC MIXED) in SAS (SAS Institute, 2006). 
Terms included in the model were treatment (GC or 
GO) and the study effect (individual experimental 
code), which represented the variance between studies 
not accounted for by the variables in the model, as 
described by St Pierre (2001) and more recently Sau-
vant et al. (2008). The study effect was included as 
a random effect, and an unstructured variance–covari-
ance structure among records was used. Significance 
was declared at P < 0.05, and tendencies were declared 
at 0.05 < P < 0.1. Publication bias was assessed using 
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funnel plots as described by Lean et al. (2009) and the 
publication bias test (metabias) using the R package 
meta (version 4.0-2; Schwarzer et al., 2015).
Within the WCO database, per-cow data were ana-
lyzed using linear mixed models (PROC MIXED) in 
SAS (SAS Institute, 2006), with WC content (CC) as 
a continuous variable included as a fixed effect, the 
study effect (individual experimental code) included as 
a random effect, and an unstructured variance–covari-
ance structure among records according to Equation 1:
 Ry = a + study + b × CC + c × CC2, [1]
where Ry is the predicted production of variable y in 
response to WC content change, a is the intercept, 
study is the study effect, b represents the linear coeffi-
cient, and c represents the quadratic coefficient. Where 
c was observed to be greater than P = 0.10, it was 
removed from the analysis.
Per-hectare data within the WCO database were 
analyzed similarly (Equation 2). Study was excluded 
and Gd/ha was included in the model, and only experi-
ments with an experimental length greater than 150 d 
were used for the analysis to obtain an interpretative 
relationship between production per hectare, sward WC 
content (CC), and Gd/ha due to the very important 
role of Gd/ha in per-hectare performance:
 Ry = a + b × CC + c × CC2 + d × Gd/ha, [2]
where Ry is the predicted production of variable y in 
response to WC content change and a Gd/ha change, 
a is the intercept, b represents the linear coefficient, c 
represents the quadratic coefficient, and d represents 
the coefficient of Gd/ha.
A further analysis of the WCO database was under-
taken to try to investigate the interactions between 
sward WC content (CC), stocking rate (SR), Gd/ha, 
and N fertilizer. Milk and MS yield per cow were ana-
lyzed according to Equation 3:
 Ry = a + b × CC + c × (SR or Gd/ha) + d × N,  
  [3]
where Ry is the predicted variable y in response to WC 
content, stocking rate, and N change; a is the intercept; 
b represents the linear coefficient for WC content; c 
represents the coefficient for stocking rate for per-cow 
variables and the coefficient for Gd/ha for per-hectare 
variables; and d represents the coefficient for N fertil-
izer application.
RESULTS AND DISCUSSION
Publication Bias
Publication bias was assessed using funnel plots and 
the metabias test in R (R version 4.0-2; Schwarzer et 
al., 2015). For milk yield per cow, assessment of the 
funnel plots indicates that there was no publication 
bias in the data set (Figure 1). The P-value for the 
publication bias test was 0.67, again indicating no evi-
dence for publication bias.
Effect of WC Inclusion in PRG Swards  
on Milk Production
Within the GWC database, the total number of data 
comparisons for milk production from a GO sward and 
a GC sward was 35. The mean experimental character-
Figure 1. Funnel plot for the effect of perennial ryegrass-white clover swards on milk yield per cow.
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istics and milk production per cow and per hectare for 
the GWC database were as follows: number of cows = 
44, stocking rate = 3.45 cows/ha, experiment length 
= 104 d, N application = 105 kg/ha, WC content = 
16.2%, daily milk yield/cow = 19.0 kg, and milk yield/
ha = 8,984 kg. The average effect of introducing WC 
into a PRG sward on milk production per cow and per 
hectare for the GWC database is outlined in Table 1. 
Perennial ryegrass-WC treatments had a lower stock-
ing rate (cows/ha) and lower rates of N fertilizer ap-
plication (kg/ha) compared with GO treatments (3.57 
cows/ha and 146 kg of N/ha compared with 3.32 cows/
ha and 65 kg of N/ha for the GO and GC treatments, 
respectively).
Within the GWC database, mean daily milk and MS 
yield per cow and Gd/ha for the GO treatments were 
18.3 kg, 1.36 kg, and 468 d, respectively. When WC 
was introduced, mean sward WC content was 31.6%, 
GD/ha was 440 d, and mean daily milk and MS yields 
per cow were increased (P < 0.001) by 1.4 and 0.12 kg, 
respectively. However, milk and MS yields per hectare 
were unaffected when cows grazed GC swards com-
pared with GO swards, although there was a numerical 
reduction of 213 and 20 kg, respectively. Introducing 
WC into the sward resulted in a significant increase (P 
< 0.001) per cow for daily milk yield (+7.6%) as well 
as fat (+9.1%), protein (+10.0%), MS (+8.8%), and 
lactose (+14.7%) yields. Similarly, there was a signifi-
cant increase per cow at the P < 0.01 level for daily 
SCM (+9.6%). The effect of introducing WC into the 
sward was not consistent for fat, protein, and lactose 
contents, as milk fat and protein contents were unaf-
fected by sward WC content (P > 0.1), whereas milk 
lactose content was increased by 1.5% (P < 0.05).
The results of this meta-analysis illustrate the posi-
tive effect of sward WC inclusion on milk production 
per cow in grazing dairy systems but also shows the 
interesting interaction between sward WC inclusion 
and milk production per hectare. Numerous studies and 
reviews have reported increased milk production per 
cow when cows grazed GC swards compared with GO 
swards (Harris et al., 1997a; Woodfield and Clark, 2009; 
Lüscher et al., 2014). In this study, daily milk and MS 
yields per cow were 7.6 and 8.8% greater, respectively, 
for cows that grazed GC swards compared with GO 
swards. This is similar to Riberio-Filho et al. (2003) 
and Egan (2015a), who reported that WC inclusion in 
PRG swards increased milk production by 1.0 to 1.8 
kg/cow per day when cows grazed GC swards compared 
with GO swards. This increase in milk production per 
cow was reliable when grazing GC swards, as 86% of 
the experiments within the GWC database reported 
an increase in milk production when cows grazed GC 
swards. This is illustrated in Figure 2, which shows 
the relationship between milk production per cow from 
cows grazing GO and GC swards, as the majority of 
the data points are above the x = y line. However, in 
14% of the experiments, there was no effect or a reduc-
tion in milk production per cow when cows grazed GC 
swards compared with GO swards. This is illustrated 
Table 1. Effect of introducing white clover into the sward on milk production per cow and per hectare for the grass-white clover database
Item No. of data points Grass only Grass-clover SE P-value
Experimental characteristics      
 White clover content (%) 86 0 31.6 2.78 <0.001
 Stocking rate (cows/ha) 36 3.57 3.32 0.39 0.005
 Nitrogen fertilization (kg/ha) 50 146 65 23.5 0.003
 Grazing days/ha 36 468 440 68.6 0.008
 BW (kg) 16 566 565 11.4 0.778
Production per cow      
 Milk yield (kg/cow per day) 70 18.3 19.7 0.79 <0.001
 SCM1 yield (kg/cow per day) 32 16.6 18.2 1.09 0.007
 Fat yield (kg/cow per day) 60 0.77 0.84 0.031 <0.0001
 Protein yield (kg/cow per day) 60 0.60 0.66 0.026 <0.0001
 Lactose yield (kg/cow per day) 32 0.75 0.86 0.064 <0.0001
 MS2 yield (kg/cow per day) 70 1.36 1.48 0.049 <0.0001
 Fat content (g/kg) 60 43.3 42.7 1.20 0.150
 Protein content (g/kg) 60 33.0 33.5 0.73 0.113
 Lactose content (g/kg) 32 44.6 45.3 0.785 0.004
Production per hectare      
 Milk yield (kg/ha) 36 9,091 8,878 1,358.0 0.386
 SCM yield (kg/ha) 12 3,298 3,301 1,335.8 0.982
 Fat yield (kg/ha) 36 391 383 63.6 0.431
 Protein yield (kg/ha) 36 299 304 50.4 0.731
 Lactose yield (kg/ha) 12 146 147 62.3 0.822
 MS yield (kg/ha) 36 699 679 110.0 0.239
1SCM = solids-corrected milk.
2MS = milk solids (kg of fat + protein).
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in Figure 3, which shows the variable response to sward 
WC inclusion within experiments in the GWC data-
base. Milk fat and protein contents were unaffected by 
WC inclusion (P > 0.1). This is similar to Enriquez-
Hidalgo et al. (2014) but in contrast to Woodfield and 
Clark (2009), who stated that WC inclusion tended to 
decrease milk fat content and increase milk protein con-
tent. The lack of an effect of WC on milk production 
per cow has also been reported previously (Ledgard et 
al., 1998; Humphreys et al., 2009; Enriquez-Hidalgo et 
al., 2014) and may be related to sward WC content. 
Andrews et al. (2007) stated that a sward WC content 
of >20% is required to see an animal production effect, 
although within the GWC database, experiments that 
saw an increase in milk production per cow had a mean 
sward WC content of 35%, whereas experiments that 
saw a decrease in milk production per cow had a mean 
sward WC content of 29%.
When productivity was measured on a per-hectare 
basis, in the GWC database, milk and MS yields were 
not reduced, although stocking rate and N fertilizer 
application rate were reduced by 0.25 cows/ha and 81 
kg/ha, respectively, for cows that grazed GC swards 
compared with GO swards. Within grazing systems, 
stocking rate, milk yield per cow, and milk yield per 
hectare are closely linked (McCarthy et al., 2011). 
Generally, as stocking rate increases milk yield per cow 
decreases and milk yield per hectare increases (Mac-
donald et al., 2008), and vice versa. The increase in 
daily milk yield per cow for cows grazing on GC swards 
was partly attributable to the reduction in stocking 
rate and partly attributable to the presence of WC in 
the sward. Using the stocking rate effect prediction 
equations of McCarthy et al. (2011), it was calculated 
that 30% of the increase in milk yield per cow was 
attributable to the reduction in stocking rate and 70% 
was attributable to the presence of WC in the sward. 
However, despite the decrease in stocking rate with GC 
swards, milk yield per hectare was not significantly re-
duced. This is in contrast with previous research, which 
showed that generally, as stocking rate decreases, milk 
yield per hectare also decreases due to the reduction 
in Gd/ha (Macdonald et al., 2008; McCarthy et al., 
2011). As evidenced from this study, grazing experi-
ments that have compared GO and GC swards have 
reduced stocking rates (−7.5%) and N fertilizer appli-
cation rates (−55%) on the GC swards as a routine 
management practice but did not have lower levels of 
milk production per hectare. Ryan (1989) reported that 
a GC system had a reduction in carrying capacity in 
the region of 20 to 25% and produced 84% of the milk 
per hectare compared with a PRG N-based system. 
Similarly, Humphreys et al. (2012) reported that GC 
systems had stocking densities, milk, and total sales 
Figure 2. Relationship between perennial ryegrass-only and perennial ryegrass-white clover swards on daily milk yield per cow in the grass-
white clover database.
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that were 90% of those of GO production systems and 
that the GC systems had greater profitability than 
GO systems in scenarios in which high N fertilizer 
prices were combined with low or intermediate milk 
prices. The results of this meta-analysis highlight the 
potential of GC production systems to achieve levels 
Figure 3. Visual representation of the response of (a) milk yield per cow per day and (b) milk yield per hectare to white clover inclusion in 
a perennial ryegrass sward within experiment for the grass-white clover database. Color version available online.
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of milk production per hectare similar to those of GO 
systems but with reduced N fertilizer inputs, which can 
be beneficial from both an environmental and economic 
point of view, particularly in the scenario of a low milk 
price and a high N fertilizer price (Ledgard et al., 2009; 
Humphreys et al., 2012).
In this study, when sward nutritive data from GO 
and GC swards were analyzed, there was no difference 
in OM digestibility, but CP was greater and NDF and 
ADF were reduced on GC swards (Table 2). The in-
crease in milk production per cow on GC swards is 
generally attributed to an increase in DMI (Harris et 
al., 1997a; Riberio-Filho et al., 2003). The chemical and 
physical attributes of GC swards that have been illus-
trated in this study (i.e., greater CP and reduced NDF 
compared with GO swards) give rise to a higher volun-
tary DMI and a higher net supply of both energy and 
protein and a subsequent increase in milk production 
(Ulyatt, 1980). Although WC has a greater OM digest-
ibility than PRG (Ulyatt et al., 1988), within this study 
GC swards did not have a greater OM digestibility than 
GO swards, which has been reported previously (Egan, 
2015a). However, there is also evidence to suggest that 
the positive effects of GC swards are associative and are 
attributable to a faster digestion of the soluble fraction 
of legumes, a higher rate of particle breakdown, and a 
higher passage rate through the rumen (Dewhurst et 
al., 2003; Niderkorn and Baumont, 2009).
Effect of Sward WC Content on Milk Production
The mean effect of GC swards on milk production 
per cow and per hectare for the WCO database is out-
lined in Table 3. Within the WCO database, the mean 
experimental characteristics and milk production per 
cow and per hectare were as follows: number of cows = 
43, stocking rate = 2.67 cows/ha, experiment length = 
126 d, N application = 87 kg/ha, WC content = 21.9%, 
daily milk yield/cow = 19.4 kg, and milk yield/ha = 
10,458 kg.
The equations that accounted for the greatest pro-
portion of variation in predicted milk production per 
cow and per hectare according to sward WC content in 
the WCO database are described in Table 4 and Figure 
2. The residual standard error is low at 1.18 for daily 
milk yield, indicating a good precision of the predictive 
equations. Linear equations accounted for the greatest 
proportion of the variance for daily SCM and lactose 
yields and fat and lactose contents per cow, and qua-
dratic equations accounted for the greatest proportion 
of variation for daily milk, fat, protein, and MS yields 
and lactose content per cow. For milk production per 
hectare variables, linear equations accounted for the 
greatest proportion of the variance for all variables, as 
Gd/ha had a significant effect on all per-hectare vari-
ables with the exception of lactose yield per hectare. 
On the basis of the predictive equations for the per-cow 
variables in Table 4, a 10% sward WC content increase 
(between a sward WC content of 0 and 60%) resulted in 
a significant (P < 0.05) mean proportional increase per 
cow of +2.87% for daily milk yield, +4.41% for daily 
fat yield, +4.21% for daily protein yield, and +4.34% 
for daily MS yield. Although there were also numerical 
increases in daily SCM (+1.72%) and lactose (+1.39%) 
yields, neither of these was statistically significantly. 
When fat, protein, and lactose contents were examined 
on a per-cow basis, the only significant increase was in 
protein content. On the basis of the predictive equa-
tions for the per-hectare variables, a 10% sward WC 
content increase increased milk, fat, protein, lactose, 
and MS yields per hectare by 2.8, 15.4, 13.2, 26.9, and 
10.0%, respectively. In this analysis, experiment length 
was greater than 150 d, Gd/ha was kept constant as 
WC content increased (stocking rate was kept constant 
at 2.50 cows/ha for every 10% increase in WC content), 
and sward WC content was between 0 and 60%. The 
range of WC content was restricted to 0 to 60%, as no 
data for swards with WC content greater than 60% 
were available in the data set. Figure 4 shows the dif-
ference in response to changing sward WC content on 
a yield per cow and yield per hectare basis where Gd/
ha is kept constant.
The equations that accounted for the greatest propor-
tion of variation in predicted daily milk and MS yields 
per cow and milk and MS yields per hectare according 
to sward WC content, stocking rate, and N fertilizer 
are described in Table 5. On the basis of the predictive 
equations, daily milk yield per cow was not affected by 
WC content, linearly increased with N fertilizer (0.012 
kg of milk/kg of N), and linearly decreased with stock-
Table 2. Effect of introducing white clover into the sward on nutritive value in the grass-white clover database
Item
No. of data  
points Grass only Grass-clover SE P-value
OM digestibility (g/kg) 34 751 760 13.2 0.282
CP (g/kg) 30 184 203 7.9 0.014
NDF (g/kg) 30 515 450 19.7 0.001
ADF (g/kg) 20 269 257 8.7 0.012
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ing rate (−3.3 kg of milk/unit change in stocking rate). 
Milk yield per hectare increased linearly by 13.7 kg of 
milk/unit change in Gd/ha and 5.4 kg of milk/kg of N 
(P < 0.01), whereas WC content did not affect milk 
yield per hectare.
Perennial ryegrass and WC are the 2 most common 
grass and legume species grown together, due mainly 
to their contrasting relationship with N and differences 
in seasonal growth patterns and nutritive value (Chap-
man et al., 1996; Phelan, 2013). A balance of both 
PRG and WC is required to increase milk production 
without compromising annual pasture DM production. 
Andrews et al. (2007) stated that a sward WC content 
of >20% is required to see an animal production effect; 
however, the optimum level of WC for milk and pasture 
DM production is not well described in the literature. 
Several studies have reported increased daily milk yield 
per cow with increasing sward WC contents (Harris 
et al., 1997a; Lee et al., 2004). Harris et al. (1997a) 
compared milk production from mixed GC swards with 
WC contents of 0, 25, 50, and 75% and reported that 
milk and MS yields increased with increasing sward 
WC content up to 50% but that increasing WC content 
above 50% had no effect on milk or MS yields. In this 
study, within the WCO database, where milk produc-
tion from GC swards with differing WC contents were 
compared, there was a quadratic response (P = 0.038) 
for milk and MS yields per cow as sward WC increased 
(Table 4; Figure 4). Above a sward WC content of 60% 
for milk and MS yields, production per cow begins to 
decline. This may be due to the lack of data above 
sward WC contents of 60%; however, Niderkorn and 
Baumont (2009) hypothesized that when the legume 
proportion in the diet is too high (i.e., >50%), the ben-
efit of legumes may decrease as excess N results in an 
intense production of urea and an increase in excreted 
N. Also, the risk of bloat is increased when sward WC 
contents are too high (Clarke and Reid, 1974). When 
Gd/ha was included (and kept constant at 650 d) in the 
prediction equations for the per-hectare variables, milk 
and MS yields per hectare increased linearly as sward 
WC content increased (Figure 4) up to 60% in the 
WCO database. Milk solids yield per hectare increased 
as milk fat and protein yields per cow increased as 
sward WC content increased. Grazing days per hectare 
had a significant effect on all per-hectare variables with 
the exception of lactose yield per hectare, as expected, 
and was included in the model to allow a more precise 
prediction of the effect of WC content on production 
per hectare, as the study effect did not account for all 
of the variation in Gd/ha between experiments. This is 
in contrast to the GWC database, where milk yield per 
hectare was not significantly affected but was reduced 
numerically when WC was included in a sward as 
stocking rate and N fertilizer application were reduced 
and is a reflection of the altered grazing management 
Table 3. Mean production data for the white clover-only database experimental data
Item
No. of  
data points Mean SD Minimum Maximum
Experimental characteristics      
 No. of cows 131 43 18.3 8 81
 Clover proportion (%) 131 21.9 15.46 0.9 100
 Stocking rate (cows/ha) 66 2.67 1.1280 0.67 6.4
 Nitrogen fertilization (kg/ha) 76 87 71.2 0 353
 Experimental length (d) 131 126 107.2 8 365
 Grazing days/ha (d) 66 539 272.9 16 1,190
 BW (kg/cow) 23 562 40.8 501 612
Production per cow      
 Milk yield (kg/cow per day) 131 19.4 3.88 10.5 27.1
 SCM1 yield (kg/cow per day) 60 17.3 4.46 11.2 25.6
 Fat yield (kg/cow per day) 104 0.79 0.172 0.49 1.16
 Protein yield (kg/cow per day) 104 0.62 0.128 0.41 0.89
 Lactose yield (kg/cow per day) 60 0.84 0.244 0.52 1.28
 MS2 yield (kg/cow per day) 124 1.41 0.270 0.91 2.02
 Fat content (g/kg) 104 40.8 6.34 24.7 55.6
 Protein content (g/kg) 104 32.2 4.41 21.0 43.7
 Lactose content (g/kg) 60 43.0 6.44 27.0 50.0
Production per hectare      
 Milk yield (kg/ha) 66 10,458 5,132.9 310 22,133
 Fat yield (kg/ha) 44 348 249.2 14 1,094
 Protein yield (kg/ha) 44 279 194.1 10 826
 Lactose yield (kg/ha) 15 269 141.4 40 449
 MS yield (kg/ha) 60 730 415.7 24 1,822
1SCM = solids-corrected milk.
2MS = milk solids (kg of fat + protein).
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practices that have traditionally been associated with 
GC swards.
A balance between the optimum sward WC content 
for milk production and pasture production must be 
achieved to optimize both animal and pasture perfor-
mance. However, within a sward the percentage of PRG 
and WC will oscillate in time and space and the overall 
level of control of pasture composition will be lower 
than what can be achieved with PRG monocultures 
(Chapman et al., 2016). Therefore, it can be difficult to 
maintain optimum levels of WC in the sward because 
climatic factors (drought), pests (insects and nema-
todes), poor soil fertility, and grazing management can 
all negatively affect sward WC content (Woodfield and 
Caradus, 1996). The most controllable factor that in-
fluences sward WC content is N fertilizer application. 
Several studies have shown a negative relationship be-
tween N fertilizer and sward WC content and biological 
N fixation (Clark and Harris, 1996; Phelan, 2013), and 
within both databases where mean sward WC contents 
Figure 4. Effect of a change in sward white clover content on (a) 
daily milk production per cow and per hectare and (b) daily milk sol-
ids per cow and milk solids per hectare according to sward white clover 
content in the white clover-only database. T
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were 33.6 and 22.3% on GC swards for the GWC data-
base and the WCO database, respectively, N fertilizer 
applications were reduced significantly compared with 
GO swards. Harris et al. (1997b) reported that an N 
fertilizer application rate of 200 kg/ha per year may 
be the most suitable for pasture DM production and 
WC persistence. However, within grazing systems, the 
overall N inputs, whether from N fertilizer or biologi-
cally fixed by WC, affect the level of nutrients that can 
potentially be lost to groundwater. Therefore, reduced 
N fertilizer use does not necessarily lead to improved 
environmental conditions from a nutrient leaching 
perspective (Ledgard et al., 2009). However, at similar 
total N inputs, GC swards have lower greenhouse gas 
emissions than N-fertilized GO swards (Ledgard et al., 
2009; Li et al., 2011; Yan et al., 2013). Therefore, in 
the European Union, where N fertilizer application is 
already limited by the nitrates directive, the use of WC 
should be increased to potentially further reduce the 
use of N fertilizer and to increase the sustainability of 
pasture-based ruminant production systems (Peyraud 
et al., 2009).
Within pasture-based dairy production systems, in-
creasing milk production should first be achieved by 
increasing pasture DM production and by increasing 
stocking rate to match and utilize the extra pasture 
produced rather than by the importation of increased 
supplement into the system (Dillon et al., 2008; Rams-
bottom et al., 2015). In the context of increased de-
mand for dairy products, there may be potential to 
increase the productivity of pasture-based dairy sys-
tems by combining increased N fertilizer use with WC 
swards to increase stocking rate and carrying capacity 
while also retaining the benefit of WC inclusion, in 
terms of increased animal performance (i.e., increased 
milk production per cow), to increase milk production 
per hectare. However, the increased use of N fertilizer 
in conjunction with WC would need to be monitored 
closely from an environmental perspective (in particu-
lar N leaching), as total N inputs into the systems could 
be increased. Higher stocking rates or a faster graz-
ing rotation—that is, maintaining a pre-grazing yield 
(>4 cm) of approximately 1,400 to 1,600 kg of DM/ha 
(i.e., a 21-d rotation; Wims et al., 2014) and defoliating 
swards at the correct PRG leaf stage (2 to 3) depending 
on the time of year (Turner et al., 2006)—can offset the 
adverse effects of N fertilizer on WC by utilizing the 
additional pasture produced and reducing competition 
for light (Woodfield and Caradus, 1996).
CONCLUSIONS
The results of this meta-analysis highlight the po-
tential of GC production systems to increase milk 
production per cow and achieve overall levels of milk 
production similar to those of a GO systems but with 
reduced fertilizer N inputs, which is beneficial from 
both an economic and environmental point of view. In 
the context of increased demand for dairy products, 
there may also be potential to increase the productivity 
of GC systems by increasing fertilizer N use to increase 
stocking rate and carrying capacity while also retaining 
the benefit of WC inclusion on milk production per 
cow.
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